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ABSTRACT  ‘The sicroidal- saponins claborated by mem-
bers of-the echinoderm:family of séa animals'(e.g., sea cucum-
bers and starfish)-are characterized by thic prmcqml structural
elements: /) a-complex steroid siucleus; 2).a series’ of closely
relatedssugars attached glycasidically to tlu. 3-position of the
steroid; and 3) a negative charge locus imparted-by esterifica-
tion of a sugar hydroxyl group with a sulfuric acid moiety. ‘The
anionic saponins are surfactants, and higlly -irreversible in
stheit. destruction of-excitability-at-a choyinergic: neuromuscular
junction. Their efficacy and specifiCiye -in- neuromiiscular
junction blockade appear to be (.lowly Il iked to the polarity
of u. sugar:fesidues, and to a requiremen, for negative charge
in order to achieve maximum irreversibility in tissue interac-
«tions..Further, it has been found thiat the degree of thivir effects
and“their irreversibility in neuromuscular-junction ‘Mlockade

s 'R . . v s
are a sensitive function of both the total pressure. under which-

the neurotiuscular tissue operates, and of the degree of load
ag}'xinst which the muscle works. These observations are inter-
preted in terms of potential'sites iind characteristics of the tissue
chemoreceptor clements indetivaied - by -tié-atimal saponins.
—FriLss, S.L:Mode of action of marihe saponins on neuroiiws-
cular tissues. -Lederation Proc. 313 1146-1149; 1972,

AN INTERESTING .GROUP of: animal’ s*lponim is.clabo-
rated "by certain -poisonous species of maring echino-
‘derms, especially among sea cicumbers (fmmly Holo-
thurioidea) and siacfish. Thesé toxins ave ‘found as
complex ‘mixtures of ueroid glveosides dn which a:
single hydroxylfunctionnf a glycosylating sugm' residye
has gcncmll) been estn fiedswith-a/sulluvic acidanoiety

’ toyield arcanionic char;,u locus-on thy sugar chain:

A pamculmly will-studied” example -of this class of
toxing:is' the principle isulated: fion the Canbbun sea
cucumber Ac{uw]yga agassizi Selenka, and U‘}Sh“l/(.d
to l\tblx purity -in-the form of a-sodian:sait-desimnatcd.
as Holothurin A by (‘haulcy aind- hig cc)llcagum 2).
‘Extensive-work (3) onihé siructute of-the .wajor. agly-

From thie Aincrican Society fur l’imnmwnlo;,y andd* bxperi-
miemal. Fherapéutics Sympusmm vy "I\l.mnc Pimxmawl%)
Mode of Action of Toxing on Excitable “Tissnps”, ptcsmlcd avtha
55th Annual- Meeting of -the Federation -of, Aperican Societics
for Experimeital Biology, Chicugo, 111, Aprit 13,1971

YFrom Burzaw of Medicine and, Surgery, Navy Depactinent,
Research- tark MROUS.Go-000u1, ,i'hc upinhan i this papar ate

 thwse of the authus and duw . ucu;za.mly reftest thio views of e
Navy Departrent or. the.pavad service at-Jarge.

cong ‘residue .and'.the sugar content of 'this ,principle
leads- to-a. pm\ is‘ionixl“fommlation of ‘\lw structure o a
representitive componciit -as in-Fig. . The (‘ryitalhm
toiny, hicreibafier dcsxgnatcduam Hr to unphasnzc its
'mqatwc-chargc characteristic, is seen- to. contain.a lin=
car array of glycosylating sugars: rdatcxl stereochemi-
cally- to D-glumsc,,\thh the interesting mclusxon of the
stigar b-quinovosedin which .the ‘C6- gcgm_xmll carbon is
fully -reduced to the.low- poldrny —CH; funitiofi. Such
“terihinally rcduud sugara are met commonly in admix-
‘re with normat. isugars -in the echinoderin sapoiins,
with notable examples to be- foun(l in toyins from the
jap'mcsc ‘starfish Astérias.amurensts (9, 10), which con-
tain citlier o —qumovosc or p-fucose: (u,rmnmlly rc.duccd
p-galactose). The pointtis of some- svvmhcanu, sirice it
"has been noted that the relative activity of a given sap-
onin in-blockade-of-a cholinergic neuromnuscular prep-
:aration is in: part related to the nvmber and nature. of
thessugar residues attached to the steroid nucleus.

The present report is concerned with the résults of
studics on tie interactions of these steroidal saponins
with sicuromuscular tissues, undgr normal’and stressful’
eavironmental conditions.

METHODS. AND RESULTS.

Principal sjudies.on the mechanisigs, g)f..mu.mcuon of
¢chinoderm sitponins with.a moe’d nmromuswl.\r Aise
sue have emp,oyed the phrenic: m-nm-dmp)ma&,m prep-
aration- (l‘;\-l‘)'\‘ from thy: mt,gworkmg in vitrorin cither
isotonic or isomitric made, Basic &atmu of the execus
tioni. and use of \the preparation follow ilie classical
procedures established by-Bilbring (1): Modification- o,l'
the. apparatus to acconunodate-function of 1 dssue-in
a h)[xrb'me -gascous environuient. (He/Ne/O/G0,),
".as heen described. 1*<.u.mly {5). Afurther alteration. of
the pressure chamber interior to permit deploy ment of.
a. Ringer solution. of toxin in:a holding fatinel, and a-
maqnctw valve device to -regulate its addition to the
gassed- tissne bath ynder higle préssiires; was rc.tdll)
cffected,

Early findings (4,-8) with Holothurin A and thc

i

tAbbravigtves . BN B, phrane ienve duaphiagm, Deld, de-
sullaiod m.un.\l detivatoe, I, Hobahuria A N twitch, indirecly
elicitad iwifeh, Mawitch, dmctly clicited twitch.
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Action of Toxins on Excitsble Tissues. NB

TtoAv.TMACY . The steroidal saponins elaborated by members of the echinoderm family of
sea animals (e.g., sea cucumbers and starfish) are characterized by the principal
structural elements: 1) a complex steroid nucleus; 2) a series of closely related sug-
are attached glycosidically to the 3-position of the steroid; and 3) a negative charge
locus imparted by esterification of a sugar hydroxyl group with a sulfuric acid moiety.
The anionic saponins are surfactants, and highly irreversible in their destruction of
excitability at a cholinergic neuromuscular junction. Their efficacy and specificity
in neuromuscular junction blockade appear to be closely linked to the polarity of the
sugar residuer, and to a requirement for negative charge in order to achieve maximum
irreversibility in tissue interactions. Further, it has been found that the degree of
their effects and their irreversibility in neuromuscular junction blockade are a sensi-
tive function of both the total pressure under which the neuromuscular tissue operates.
and of the degree of 'oad against which the muscle works. These observations are in-
terpreted in terms of potential sites and characteristics of the tissue chemoreceptor
elements inactivated by the animal saponins.
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These findings led (8) to the formulation of a re-
ceptor model for sites at the rat PN-D niyoncural-
junction. susceptible to ‘H- attack and amenable to g

‘;j{ partial protection by chargt.d Pro* protective specics.
| 3 s% This model is sketched in Fig. 2, which depicts E, sites '
g as AChE or AChE-like loci, and- nearby or contiguous :
%) Fy sites. as those destroyed irfeversibly by attack.of the ‘
] anionic M+ species. In this model, the binding of. Prot
4 species at Ey, and- the simultancous presence of nega-
i ) tively charged H= species bound au Fy. (in a>mrede that
b siormally leads 1o irreversible destruction, at 1‘1), brings
X bound Pro* and- H- jons to appropriate spatial separa-
R ‘g.} tion distance for weak ion .pairing via clectrostatic in- ‘
; G - 0503 Na* teraction. Such pairing is pictured as leading directly
i) I to a diminution in the strength of the H~-F, interac-
-1 G -OMe tion presumably -underlying any surface alteration in:
# I duced at Fy, in a sparing action just sufficient to negate
\‘ Q - the destruction of I loci by .H-=, but not strong-¢nough
ﬁ‘; 10 cause disruption of the primary adsorption of H-
I SUGAR SYMBOL species-to F laci leading to the observed: reversible block-
y ¥ ade of the Nawitch if the presence of Prot and H-.
3 T} Finally, thic niodel” also ‘rationalizes the “finding-of -dec=
S D -GLUCOSE G .rements in protective cffect exerted by Prot at concen-
v o ¢ D-XYLOSE X trations in excess of C,,e by the concept that excessive
; 3; D - QUINOVOSE Q numbers of Pro* jons bound at the ¥, surface could
; 3-0- METHYLGLUCOSE G-OMe conceivably deform it-by mutual repulsion. of like
; % 116, 1. Provisional structure of the major component.of Holo- charges, and disrupt the favorable contiguity betsyeen
L b thurui A. Ey and Fy surfaces.
£ ¥ " . " .
The receptor model in Fig. 2 also accommodates
ﬁ. PN--D) preparation working in isotonic mode pointed 0 findings (7) on reduced potency of the desulfated, neu-
s the high- powency of the anionic saponin at an incuba=  (pa] derivative (l‘)cl-{) of the natural 1oxin H-.‘Removal
§‘ tion level of 1.0 X 10=* &, in an action pattern char- of the anionic charge center from the saponin increases
" acterized by: 7) the development ‘of a powerful con- (e concentration causing dircet contracture in thé
. wacture which is partially aleviated in time and further — yysele, and blocking the N- or M-wwitch response, by
: relieved on washing; »nd 2) the fast, irrerersible block- abou, one order of magnitde. Further, the blocking.
; ade-of indirect (N=) twiich responses, with a some- actions of DeH, are largely reversible on washing, and
5‘ what slower sreduction in amplitude of the directly  (he uncharged species at the 1-3 X 10-3 s level is whle
v clicited (M=) twitch. Further study revealed that the ’
! irreversibility<of wwitch blockade produced by H could e ———
‘ be mitigated-dppree” bly by preincubation of the PN-D
%‘, preparationy-with Frace copcentrations of classical non-
phosphorylating anticholinesterases, such  as >physo- @ @
; stigmine, ncostigmine, or galanthamine. At tissue bath
) incubation levels of these agents (e.g., 3 X 1071 u for E, --~<{--- Pro H =--=|---F
£ physostigmine) far below those at which they produce ! !
B! direet effects on tissue responses, a remarkable degree
£ of concentration-related protection against the frrevers- - , ]
{ ible facets of N-twitch blockade by 1.0 X 16~V s H- s SR e NP
s, seen. In general, the protective -effeet exerted by a o Pestl (o
) given protective agent (Prot) present in the tissue bath m:;':;"w ""i‘l““‘::‘l:l‘l ‘r‘(:‘l"f‘(f"‘ interactiaiss of Holothurin .\ and
;; before addition of M7 starts at concentrations below ! B¢ i
H those at which Pro* is autiesterasic, rises o an optimum Asterosaponin A Adterosaponin B
5,? degree of protection at a concentiation ‘(C..,..) f.'hzn'- Aglyeone Aglycone
acteristic of cach specific protector, and [alls again as ) !
ii the solution concentration of Pro~ _is further raised be- ’n'}':ucmo x} iyl: (\)':05.:' " *{
b y.oml its optimum or peak value, For the tlnlcc pmtc'(- i::-(;::i::::\-()str’ OS04 Na? :) l";:(:‘x;c“ ¢ i 0sorNa:
4 tive agents tested, the values of Gy appear to he ve- % p-Quinovose]
% lated. llmarl) to the anticholinesterasic potencies of the -Quinovose :
X agents, as measured by Gy values for inhibition of the »-Quinovose
;? acetylcholinesterase acetylcholine systen in vitro, 1o, o Sugat contents ol Asterosaponins A and B.
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FiG. 4. chg:sghlaii\'c tracing, of the action of 1.0 X 10~¢ s H~ on the pressurized (330 psia) PN-D préparation.

to afford significant clements of protection against the
irreversible. destruction. of twltch ‘response ‘norally
cvoked by H-.at the 1.0 X 10-4mM lwcl in the bathing
medium. These observations aré in_accord ivith the
acSlgn of. Fig. 2 in the sense that DeH binding at Fy
loci is blocking in. -character but nondestructive, and
that DeH.bound at: F; by preincubation prevents in
Jarge measure the binding of H= w0 Fy in destructive
mode. .

The chemical nature of receptor Joci in the PN-D
susceptible to ‘echinoderm saponin: inactivation -came
under further scrutiny (6).with the aid of purified sam-
ples of two steroidal saponins, Astcrosaponms A and'B,

lsolatnd “from the starfish dsferias amurensis Luiken. The:

two Astcrosapomm, isolated and :characterized in the
laboratories of Hashimoto et al. (9, 10), contain the
same principal aglycone.moicty and a single esterifying
sulfuric acid ‘residue pér molecule, but differ in the
number andunature of. the sugar residues: attached- to
the steroid nucleus. As shown <in the linear ‘arrays of
Fig. 3, in which the sugar positional scquences aie
.postilated by analogy with tlic known sequence of
Holothurin A, the Asturosapomn A contains (9) four
sugars all of which are of the reduced polarity, C6-re-
duced type. In contradt, Asterosaponin ‘B contains. (10)
a.mixture of sugars, two of which are ofistandard sugar
polarity (xylose and gzlactose), while .the remaining
three are of the Cosréduced type. The resulting “différ-
ence in net polarny of the glycosidic sugar ch: 1ins of the
two Astercsaponins is responsible for a surprising dif-
ferentiation in their apparent modes-of action in PN-D
blockade. Asterosaponin A (lowered polarity) 1s rela-
tively more potent in blockade of indirectly clicited,

isotonic contraction ‘(N-twitches) than against responses
provoked by direct muscle stimulation ‘(M-twitches).

Conversely, Astcrosapomn B (highur®polarity) displays
an inverted activity sequence in thévenseof the blockade
potency incquality M-twitch >-N-twitch. It is.auractive
to corrélate this ﬁndmg with the proposmon tba( two

cattgoncs of saponin-receptor sites exist in the PN-D
tissue complex which are differentially sensitive to the
net surface polarity of the sugar “tail” in an auacking
saponin molecule. The first category, exhibiting pref-
crential  affinity for the terminal  CHj-containing
residues in the sugar content of Asterosaponin A, nugln
well be located in the neural segment of the Junruou,
and specifically in or near the myclin-coated tissue in
nerve fibers and terminals, The second category, re-
sponsive to more highly polar adducts, could well favor
Asterosaponin B by binding it preferentially at loci on
the postjunctional msml)ranc, which has been exten-
sively documented in erms of its ability to initiate de-
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polarizing-blocking, cvents by the birding- of highly

polir catities,

An another approach tosthe investigation of saponin-
receptor intéraction propertics, some -interésting infor-
mation -has been obtained rcccmly from studies with
the echinoderm saponins H- and DeH and the rat PN~
D. preparation  working in “isometric mode, ‘under
normobaric (Q:/CO., 1 atm) and hyperbaric (He/N./

0:/CO:) cnvironmental conditions. As an example: of

response alterations observed, Fig. 4 depicts the iso-
nietric twitch responses of the PN-D preparation in an
experimental sequence reading from .right to left, with
the first response in cach twitch pair being the N-twitch,
followed by the M-twitch response. After cquilibration
under 1.atm of (02 (95%), CO: (5%)), at point P the
Ayatem was prtssurn/cd gradually to 330 psia with (He
‘)7‘71), N: (50%), O: (20%), COa (3%)), with no
cvidence- of -deleterious effect. At the symbol’ Tox, H-
was added «to the pressurized tissue bath Ringer in suf-
ﬁcicnt quamity to bring its concentration to 1.0-X 10~

. T hc ensuing phc.n(mu.na include a rt.latm.l) small
rise in basc:lific teénsion, and a slow hut progressive- de-
cay in N- and M-twitch tensions. over the course of 300
400 scc of incubation and work. At the symbol D & W,
gradual decompression and Ringer wash occurred, fol-
lowed. by a period. under flush with | atm.of 04/CO.
which witnessed further decay in the twitch response

-
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muscle loading. It was of importance to-assess scparaiclv
the effects of muscle loading on-the strength of saponin
interactions with the rat l’\—l) sys snw. A representa-
tive scction of this study is shown in. Fig. 6, which.d¢-
picts changes in magnitude of N- .and M-twitch
resptinses and: base-line t¢hsion induced by 1.0 X 10~
M. H= at 1 aun pressure, relative to presaponin control
levels. "Values are plomd for the reference saponin in-
cubation' time of 33G.s¢c., as afunction of degree of load-
ing (g/g of tissue) of*tié musch It is secen that the de-
pression of boih N- and M-twitch responses by 1.0 X
10~ m H~ at this reference time is pronounced at zcro
loading of the muscle, diminishes: toward zero blocking
potency as the loading is-increased-over the range 2-6

g/g of tissue, and sthen increases slightly as the load.

reaches 10 g/g of tissue. Further, the base-line tension
increase produced by H= is scen to be quite sensitive to
the degree-of muscle loading; a relatively large increase
in basc-line tension evident at low loading levels (0-2
g/ of tissue) gives way 1o progressively smaller saponin-
induced increases as the muscle load approaches 8-10
g/¢ of tissuc.

The representative findings of Figs. 5:and 6, pointing
to the cffects of clevated environmental pressures and
muscle loading factors on the cffects. of H—/DeH in
altering PN-D response parameters, can be interpreted
readily in terms of .charactesistics of the saponin-re-

tensions. ceptor model outlined in Fig. 2. First, the observations
The effect of total pressure on the cfficacy of H= and”  that initial increases in pressure and mwscle loading
DeH mtcracuoné with the working (isometric) PN-D cause a sharp drop in-the effect of H- as.a wwitch block-
preparation has been determined at-the pressure levels  ing agent are consonant with the picture of Fy siies for
14.7, 130, and 330 psia, with results shown in Fig. 5. 11~ binding as- located- in a shallow surface ‘crevasse.
Figure 5 records the effects of change in total gascous  Initial distortion of the-interior surfaces.of the crevasse
' pressure on wwitch blockade indexes for N- and M- by pressure or loading could well dimihish the degree of
3 twitch résponses, at the reference time interval 27(.\-330 fit of 'H= to the E binding loci. The observation that
(+¥ sec .afier addition cf sapoma o the bath,. for M= and'  blocking actions.of{DcH are less pressure sensitive than \
H DeH at 1.0 X 10~ », rcs;xcuvcly Surpnsmqlv, itis  those of H-, and more reversible on washing, could in
; noted that the rit.gru. of blockade by anionic H~ is very  tarn e accommodated by the possibility that primary
%{ pressure dcp«‘ndmt in terms of ¢ffécts on both N- and  Del binding occurs at the top of the crevasse, in a
% M-tivitch risponses: the effect of saponin falls sharply  lesser proximity 10 Fy loci. Finally, the curious finding i
gj as the total pressure is increased from 14.7 10130 psia,  that still higher pressures (near 300 psia) restore (Fig. “
Fd . . . .
' and then increases somiewhat. as the pressure is taised  5) some of the H=.blocking potency that is lost at 130
;f further to 330 psia. In contrast, the effect of pressurc:on  Psta can _"C "?l“a"\'d)’ assc.:iscd' as resulting: from 2
| ithe effect of Detl on PX--D twitch responses is virtually Cf"‘“;"“‘l‘_"’!\ o fd}lc l"'c-"’su"c"“d‘lfcrc" Sl.ll'rﬂClC lf‘“{""{"“'
inzignificant, wiin very slight declines in N- and M- ;.“f"“’:t:;l‘(“g to luller exposure ol lunctiional 1, locy to
. twitch blockade potency being noted as gas pressure is S :
}f m(f':""s"d' . N . Itis a pleasure to achnowledge the vatuable assistance of:HIM3
, f' The second stress factor imposed on 1 ‘\"l.) function W. L, Fink, USNR, in wmeasurement of pressiare and musele load.
‘e in isometric records such as those of Fig. 4 is that of  ing effects.
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